Introduction
============

Diabetes mellitus (DM) is a metabolic disease characterized by chronic hyperglycemia due to defects in insulin secretion and/or action ([@b1-etm-0-0-8083]). The global number of patients with DM was \~382 million in 2013, and is predicted to reach \~592 million by 2035 ([@b2-etm-0-0-8083]). DM causes abnormal metabolism of sugar, fat and protein, which can lead to serious complications such as renal failure, ketoacidosis, peripheral neuropathy, blindness and cerebral arteritis ([@b3-etm-0-0-8083],[@b4-etm-0-0-8083]). Myocardial injury is a serious complication of DM that is attracting research interest ([@b5-etm-0-0-8083],[@b6-etm-0-0-8083]). Myocardial injury induced by DM is primarily caused by inflammatory reactions and hepatic lipid accumulation ([@b7-etm-0-0-8083]). Myocardial inflammation is a key mechanism of the condition. Notably, anti-inflammatory drugs have protective effects on diabetic myocardial injury ([@b8-etm-0-0-8083]), and may therefore be an effective treatment.

Silent information regulator l (SIRT1) is a type of nicotinamide adenosine dinucleotide dependent deacetylase, which affects a variety of cellular processes and has an important role in tissue damage and repair ([@b9-etm-0-0-8083]). Recent studies have demonstrated that SIRT1 plays an important role in inflammation and autoimmunity ([@b10-etm-0-0-8083],[@b11-etm-0-0-8083]). High mobility group box 1 (HMGB1) is a highly conserved nucleoprotein, which affects a variety of biological processes, including inflammatory diseases ([@b12-etm-0-0-8083]). HMGB1 in extracellular fluid also serves a role as a damage-associated molecular pattern molecule in the process of inflammation and cell migration ([@b13-etm-0-0-8083]). HMGB1 serves a role in the release of pro-inflammatory cytokines ([@b14-etm-0-0-8083]). Under inflammatory conditions, HMGB1 is passively released or actively secreted into the extracellular environment from the affected monocytes/macrophages ([@b14-etm-0-0-8083]), while NF-κB is activated and takes part in the inflammatory response ([@b15-etm-0-0-8083]). It has been identified that HMGB1 participates in various pathophysiological signaling pathways triggered by the diabetic environment; therefore, it is a promising molecular target for the treatment of DM ([@b16-etm-0-0-8083]).

Chrysophanol (CHR), an anthraquinone isolated from rhubarb, belongs to the anthraquinone family, which also contains emodin, aloe emodin, rhein and physcion ([@b17-etm-0-0-8083],[@b18-etm-0-0-8083]). CHR has been demonstrated to have multiple beneficial pharmacological effects, such as anti-inflammatory ([@b19-etm-0-0-8083]), antitumor ([@b20-etm-0-0-8083]), antiviral ([@b21-etm-0-0-8083]) and antiproliferative effects ([@b22-etm-0-0-8083]). To the best of our knowledge, there has been no previous research into whether CHR has therapeutic effects on diabetic myocardial injury in *db*/*db* mice. Therefore, the aim of the present study was to evaluate the ability of CHR to attenuate diabetic myocardial injury.

Materials and methods
=====================

### Animal study

A total of 48 male spontaneously diabetic mice (C57BL/KsJ-*db*/*db* mice; age, 6--8 weeks; weight, 35--40 g) and 12 male wild-type C57BLKS/J mice (age, 6--8 weeks; weight, 20--22 g) were obtained from the Model Animal Research Center of Nanjing University. Mice were maintained under standard laboratory condition, with free access to food and water and housed prior to experiments in an animal room under standard conditions (23±2°C; 60±10% humidity; 12 h light/dark cycle). All the experimental procedures were approved by and performed in accordance with Nantong Medical University.

### Experimental design

Following 1 week of feeding and adaptation, the mice were divided randomly into five groups (each n=12): i) Wild, in which wild-type C57BLKS/J mice were orally administered normal saline; ii) C57BL/KsJ-*db*/*db* control group, in which C57BL/KsJ-*db*/*db* mice were orally administered normal saline; iii) metformin, in which C57BL/KsJ-*db*/*db* mice were intragastrically administered metformin (Sigma-Aldrich; Merck KGaA; 100 mg/kg/day); iv) CHR, 50 mg/kg, in which C57BL/KsJ-*db*/*db* mice were intragastrically administered CHR (50 mg/kg/day; 98% purity; National Institutes for Food and Drug Control); and v) CHR, 100 mg/kg/day, in which C57BL/KsJ-*db*/*db* mice were administered CHR by gavage at a dose of 100 mg/kg/day. All treatments were provided for 28 consecutive days. The CHR concentrations of 50 and 100 mg/kg/day were selected for use in the present study according to a preliminary experiment (data not shown). At the conclusion of the experiment, the mice were anesthetized with ketamine/xylazine (100 and 10 mg/kg respectively, 0.1 ml/25 g body weight) by intraperitoneal injection, and then \~0.8-ml blood samples were collected from the orbital plexus of the eyes. The blood samples were centrifuged at 3,000 × g for 10 min at 4°C and the serum was collected. Blood serum was collected for subsequent hematological or biochemical assays. Death of the mice was verified by the complete cessation of the heartbeat and breathing, and disappearance of reflexes. In addition, heart tissue was immediately removed, rinsed with physiological saline solution and then stored at −80°C prior to further analysis. Sections of the heart were fixed in 10% (v/v) neutral buffered formalin for hematoxylin and eosin (H&E) staining.

### Oral glucose tolerance test (OGTT)

On day 29 day after the initiation of treatment, the OGTT was performed. Mice were fasted overnight and subsequently received glucose (2 g/kg) by gavage at 8:00 a.m. Blood glucose concentrations at different time points (0, 30, 60, 90 and 120 min) following glucose administration were evaluated using a glucose analyzer (SureStep^®^; Lifescan, Inc.).

### Biochemical measurements

Creatine kinase (CK), lactate dehydrogenase (LDH), total triglyceride (TG) and total cholesterol (TC) levels in the serum were measured using commercially available standard kits (cat. nos. A032, A020-2, A110-1 and A111-1, respectively; Nanjing Jiancheng Bioengineering Institute Co., Ltd.) according to the manufacturer\'s instructions. The insulin concentration in serum was determined using an insulin ELISA kit (cat. no. 7544-MR; R&D Systems, Inc.).

### Determination of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 levels in serum and heart tissues

Levels of cytokines in the serum and heart, namely IL-6, IL-1β and TNF-α, were analyzed using commercially available ELISA kits (cat. nos. M6000B, MLB00C and MTA00B, respectively; R&D Systems, Inc.) in accordance with the manufacturer\'s instructions. The optical density (OD) of each well was read at 450 nm, and the concentration of the inflammatory cytokine was quantified with reference to a standard curve.

### Histological examination

Heart tissues were carefully removed and fixed in 10% (v/v) formalin at room temperature for 48 h, then embedded in paraffin wax. Samples were cut into 4-µm sections and stained with H&E (Nanjing Jiancheng Bioengineering Institute). Following dehydration with 80, 90 and 100% ethanol and n-butanol, the myocardial tissue was waxed in a 60°C wax box and then embedded in paraffin. Tissue sections (5-µm) were dried at 45°C and obtained from each paraffin block. The sections were heated at 60°C for 1 h and dewaxed with xylene. Following hydration, the sections were stained with 0.5% H&E at room temperature for 5 min, dehydrated with gradient ethanol, cleared with xylene and mounted with neutral gum. Optical microscopy (Olympus Corporation) was used to examine pathological changes of the heart tissue (magnification, ×200).

### Immunohistochemistry

The expressions of HMGB1 and phosphorylated (p)-NF-κB p65 in the heart tissues were evaluated using immunohistochemistry staining. The heart tissues were embedded in paraffin and sectioned. Then, the paraffin sections were deparaffinized in xylene, rehydrated by ethanol and incubated with 3% hydrogen peroxide. Heart tissues samples were blocked at room temperature with 3% BSA (Beijing Solarbio Science & Technology Co., Ltd.) and incubated with HMGB1(1:1,00, cat. no. ab79823; Abcam) and phosphorylated (p)-NF-κB p65 (1:1,00, cat. no. ab86299; Abcam) at 4°C overnight. Samples were then washed three times with PBS, treated with horseradish peroxidase goat anti-rabbit IgG secondary antibody (1:200; cat. no. WLA037a; Wanleibio Co., Ltd.) for 20 min at 37°C and washed three times with PBS. Samples were then stained at room temperature for 2 min with 0.05% 3-3′diaminobenzidine (DAB) and a total of 10 fields were randomly selected from each sample were observed using a microscope (magnification, ×200, Olympus Corporation).

### Western blot analysis

Heart tissue was homogenized, washed with PBS and lysed in radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology). The protein concentration was determined using an Enhanced Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology). An equal amount of protein (\~50 µg) was loaded per lane and separated via SDS-PAGE (Mini-Protean 3^®^; Bio-Rad Laboratories, Inc.) on a 10% gel. Proteins were then transferred onto a polyvinylidene difluoride membrane (EMD Millipore; Merck KGaA) and blocked with 5% skim milk at room temperature for 2 h. Membranes were incubated overnight at 4°C with primary antibodies against SIRT1 (1:1,000; cat. no. ab110304; Abcam), HMGB1 (1:1,000; cat. no. ab79823; Abcam), NF-κB p65 (1:1,000; cat. no. ab16502; Abcam), phosphorylated (p)-NF-κB p65 (1:1,000; cat. no. ab86299; Abcam), NF-κB inhibitor-α (IκBα; 1:1,000; cat. no. ab32518; Abcam), p-IκBα (1:1,000; cat. no. ab24783; Abcam) and GAPDH (1:2,000; cat. no. ab181602; Abcam). Membranes were then incubated with secondary antibody, horseradish peroxidase-labeled mouse anti-rabbit IgG (1:5,000; cat. no. 5127, Cell Signaling Technology, Inc.) or horseradish peroxidase-labeled rabbit anti-mouse IgG (1:5,000; cat. no. 58802, Cell Signaling Technology, Inc.), at room temperature for 2 h. Protein bands were visualized using an enhanced chemoluminescence staining detection kit (Bio-Rad Laboratories, Inc.) and densitometry was performed with Bandscan 5.0 software (Glycomix Ltd.). The expression of target protein was normalized to that of GAPDH.

### Statistical analysis

Data are expressed as the mean ± standard deviation. Differences between multiple groups were evaluated by one-way analysis of variance with Tukey\'s multiple comparison test as the post hoc test using GraphPad Prism software 6.0 (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CHR reduces blood glucose levels in a diabetic mouse model

The C57BL/KsJ-*db*/*db* group displayed significantly higher blood glucose levels compared with the wild group ([Fig. 1](#f1-etm-0-0-8083){ref-type="fig"}). Following treatment with CHR (50 and 100 mg/kg), the blood glucose levels of the C57BL/KsJ-*db*/*db* mice were significantly lower than those of the C57BL/KsJ-*db*/*db* mice treated with saline. Metformin (100 mg/kg) similarly decreased the blood glucose concentration of the C57BL/KsJ-*db*/*db* mice.

### CHR attenuates myocardial pathological changes in a diabetic mouse model

In the wild group, the myocardial cell membranes were intact, the myofibril structure was balanced, and adjacent myofibrils were continuous ([Fig. 2](#f2-etm-0-0-8083){ref-type="fig"}). By contrast, a large number of inflammatory cells were observed in the hearts of the C57BL/KsJ-*db*/*db* group, myocardial cells were swollen or denatured, myocardial necrosis was evident, and no striations were visible ([Fig. 2](#f2-etm-0-0-8083){ref-type="fig"}). CHR or metformin treatment markedly attenuated the pathological changes observed in the diabetic mouse model, especially in the high dose CHR group ([Fig. 2](#f2-etm-0-0-8083){ref-type="fig"}).

### CHR reduces CK, LDH, insulin, TG and TC levels in serum

The serum TG and TC levels of C57BL/KsJ-*db*/*db* mice were significantly higher compared with those of the wild group ([Fig. 3](#f3-etm-0-0-8083){ref-type="fig"}). Treatment with CHR (50 or 100 mg/kg) or metformin significantly attenuated the DM-induced increases in TG and TC levels. To explore the influence of CHR on heart function, the CK and LDH activities and serum insulin levels of the mice were also measured. In the C57BL/KsJ-*db*/*db* group, the serum insulin, CK and LDH levels were significantly increased compared with those of the wild group ([Fig. 3](#f3-etm-0-0-8083){ref-type="fig"}). Treatment with CHR (50 or 100 mg/kg) or metformin significantly attenuated the DM-induced increases in insulin, CK and LDH levels ([Fig. 3](#f3-etm-0-0-8083){ref-type="fig"}).

### CHR reduces inflammatory cytokine levels in serum and the heart

In order to explore the influence of CHR on the inflammatory response, TNF-α, IL-6 and IL-1β levels in the serum and heart tissues of the mice were determined. The results demonstrated that inflammatory cytokine levels in the serum and heart tissues of C57BL/KsJ-*db*/*db* mice were significantly higher compared with those of the wild-type control mice ([Fig. 4](#f4-etm-0-0-8083){ref-type="fig"}). However, treatment with CHR (50 or 100 mg/kg) or metformin significantly suppressed the levels of inflammatory cytokines in the serum and heart tissues of the C57BL/KsJ-*db*/*db* mice ([Fig. 4](#f4-etm-0-0-8083){ref-type="fig"}).

### CHR increases SIRT1 expression and inhibits the HMGB1/NF-κB signaling pathway in a diabetic mouse model

SIRT1 and the HMGB1/NF-κB signaling pathway participate in the regulation of inflammation ([@b23-etm-0-0-8083],[@b24-etm-0-0-8083]). Western blot analysis was used to explore whether SIRT1 and the HMGB1/NF-κB signaling pathway participate in the effect of CHR on heart inflammation. HMGB1, p-NF-κB p65 and p-IκB were significantly upregulated while SIRT1 was downregulated in the hearts of C57BL/KsJ-*db*/*db* mice ([Fig. 5](#f5-etm-0-0-8083){ref-type="fig"}). CHR (50 and 100 mg/kg) and metformin (100 mg/kg) significantly attenuated these changes ([Fig. 5](#f5-etm-0-0-8083){ref-type="fig"}). Additionally, immunohistochemistry demonstrated that the expression of HMGB1 and p-NF-κB in heart tissue was higher in C57BL/KsJ-*db*/*db* mice than in their wild-type counterparts, and that treatment with 100 mg/kg CHR markedly decreased HMGB1 and p-NF-κB expression in C57BL/KsJ-*db*/*db* mice ([Fig. 6](#f6-etm-0-0-8083){ref-type="fig"}).

Discussion
==========

DM is characterized by hyperglycemia, insulin deficiency, insulin resistance and pathology in many organs, including nerves, the liver and glomeruli ([@b25-etm-0-0-8083]). DM accelerates atherosclerotic diseases and affects the heart, brain and lower limb arteries ([@b26-etm-0-0-8083]). DM and insulin resistance are important factors in DM-induced heart injury. In the present study, spontaneously diabetic mice demonstrated abnormal OGTT performance and lipid profiles, and elevated serum insulin, CK and LDH levels. The results indicated that CHR and metformin attenuated the heart injury of the diabetic mice. No significant dose-dependent effects of CHR treatment were observed when comparing low dose (50 mg/kg) and high dose (100 mg/kg) groups, which might be due to the 28-day CHR treatment duration being too short ([@b27-etm-0-0-8083]). Future study will involve increasing the duration of observation to 8--20 weeks to better analyze the dose-dependent effects of CHR. The blood glucose results were consistent with the observed heart histological changes, which confirmed the beneficial effect of CHR on heart injury. Therefore, the present findings suggest that CHR is an effective cardiac protection agent. In order to elucidate the protective effect of CHR on diabetic heart injury, the possible molecular mechanism was investigated. The present study determined that the TNF-α, IL-6 and IL-1β levels in the serum and heart tissue of C57BL/KsJ-*db*/*db* mice were higher than those in the wild-type mice, which suggests that inflammation was increased during DM. Treatment with CHR significantly suppressed the inflammatory cytokine levels in the serum and heart tissue of the C57BL/KsJ-*db*/*db* mice. Inflammatory cytokines have important roles in the initiation and development of heart injury ([@b28-etm-0-0-8083]), as they affect the infiltration of white blood cells in the liver and amplify the damage to the heart ([@b29-etm-0-0-8083]). IL-6 has a pathological effect on chronic inflammation, myocardial infarction and rheumatoid arthritis ([@b30-etm-0-0-8083]). The present study demonstrated that CHR has the ability to reduce these cytokine levels, which suggests that the anti-inflammatory effects of CHR may participate in protecting the heart.

In order to explore the anti-inflammatory molecular mechanism of CHR on heart injury, the roles of inflammation-related SIRT1 and the HMGB1/NF-κB signaling pathway were investigated. HMGB1 is a key factor during inflammation in aseptic and infection-associated reactions ([@b31-etm-0-0-8083]). It has common characteristics with cytokines, acts on the surface receptors of immune cells, and induces the expression of inflammatory factors and the further release of HMGB1, thereby promoting an inflammatory cascade reaction ([@b32-etm-0-0-8083]). When heart injury occurs, HMGB1 is passively released from damaged cells or actively secreted from activated immune cells. HMGB1 activates NF-κB and induces the expression of pro-inflammatory genes ([@b33-etm-0-0-8083]). It has been demonstrated that SIRT1 inhibits the transcriptional activity of NF-κB through deacetylation of the p65 subunit, thereby reducing the production and activation of inflammatory cytokines ([@b34-etm-0-0-8083]). Therefore, CHR might exert beneficial activities by attenuating inflammatory responses through downregulation of the HMGB1/NF-κB pathway via the upregulation of SIRT1. Decreased inflammatory responses promote the activation and recruitment of inflammatory cells, leading to the initiation of inflammation ([@b35-etm-0-0-8083]). In the present study, western blot analysis demonstrated that HMGB1, p-NF-κB p65 and p-IκB protein levels in the heart tissue of C57BL/KsJ-*db*/*db* mice were significantly increased compared with those in wild-type mice, and SIRT1 expression levels in the heart tissue of C57BL/KsJ-*db*/*db* mice were lower compared with those in wild-type mice. CHR intervention significantly reversed these changes, suggesting that the anti-inflammatory effect of CHR may occur via regulation of SIRT1 and inhibition of the HMGB1/NF-κB pathway.

In conclusion, the present study successfully demonstrated the protective effect of CHR against DM-induced heart damage. The possible mechanisms underlying the protective effect of CHR may be associated with the attenuation of inflammation of the heart via regulation of SIRT1 and inhibition of the HMGB1/NF-κB signaling pathway. The present findings provide preliminary evidence suggesting the potential of CHR as a therapeutic drug for DM-induced heart injury.
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![Effect of CHR on the blood glucose levels of diabetic mice determined using the oral glucose tolerance test. ^\#\#^P\<0.01 vs. wild group; \*\*P\<0.01 vs. C57BL/KsJ-*db*/*db* group. Wild, wild-type C57BLKS/J mice; C57BL/KsJ-*db*/*db*, spontaneously diabetic mice; CHR, chrysophanol.](etm-18-06-4406-g00){#f1-etm-0-0-8083}

![Effects of CHR on the heart tissue of diabetic mice. Hematoxylin and eosin staining (magnification, ×200) was performed to study inflammatory cells. Wild, wild-type C57BLKS/J mice; C57BL/KsJ-*db*/*db*, spontaneously diabetic mice; CHR, chrysophanol.](etm-18-06-4406-g01){#f2-etm-0-0-8083}

![Effect of CHR on TC, TG, insulin, CK and LDH in the serum of diabetic mice. ^\#\#^P\<0.01 vs. wild group; \*\*P\<0.01 vs. C57BL/KsJ-*db*/*db* group. Wild, wild-type C57BLKS/J mice; C57BL/KsJ-*db*/*db*, spontaneously diabetic mice; CHR, chrysophanol; TC, total cholesterol; TG total triglyceride; CK, creatine kinase; LDH, lactate dehydrogenase.](etm-18-06-4406-g02){#f3-etm-0-0-8083}

![Effect of CHR on TNF-α, IL-6 and IL-1β levels in diabetic mice. Inflammatory cytokine levels in the (A) serum and (B) heart tissue. ^\#\#^P\<0.01 vs. wild group; \*\*P\<0.01 vs. C57BL/KsJ-*db*/*db* group. Wild, wild-type C57BLKS/J mice; C57BL/KsJ-*db*/*db*, spontaneously diabetic mice; CHR, chrysophanol; TNF-α, tumor necrosis factor-α; IL, interleukin.](etm-18-06-4406-g03){#f4-etm-0-0-8083}

![Effect of CHR on SIRT1 and the HMGB1/NF-κB signaling pathway in diabetic mice. Representative western blots and quantification of protein levels. ^\#\#^P\<0.01 vs. wild group; \*\*P\<0.01 vs. C57BL/KsJ-*db*/*db* group. Wild, wild-type C57BLKS/J mice; C57BL/KsJ-*db*/*db*, spontaneously diabetic mice; CHR, chrysophanol; SIRT1, silent information regulator l; HMGB1, high mobility group box 1; p-, phosphorylated; P65, NF-κB p65; IκBα, NF-κB inhibitor-α.](etm-18-06-4406-g04){#f5-etm-0-0-8083}

![Effects of CHR on the HMGB1/NF-κB signaling pathway in diabetic mice. Immunohistochemical staining of HMGB1 and p-NF-κB (magnification, ×200). Wild, wild-type C57BLKS/J mice; C57BL/KsJ-*db*/*db*, spontaneously diabetic mice; CHR, chrysophanol; HMGB1, high mobility group box 1; p-P65-, phosphorylated NF-κB p65.](etm-18-06-4406-g05){#f6-etm-0-0-8083}
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